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INTRODUCTION
When animals from genetically diverged populations hybridize, complete or partial sterility is often observed in the F 1 hybrids or in their descendants. This phenomenon belonging to postzygotic reproductive isolation accelerates irreversible genetic divergence by preventing free gene flow across the two diverging populations, and thereby plays a pivotal role in speciation. Sexual dimorphism is a general feature of reproductive isolation (WU and DAVIS 1993; LAURIE 1997; ORR 1997; KULATHINAL and SINGH 2008) . In mammals, impairment is much more severe in males than in females, and in general the heterogametic sex is more sensitive to interspecific and intersubspecific genetic incompatibility. This phenomenon is well known as Haldane's rule (HALDANE 1922; LAURIE 1997; ORR 1997) .
In many animals, the reproductive isolation is caused by spermatogenic disruptions characterized by reduced number of germ cells and small testis size. These animals include Drosophila (JOLY et al. 1997) , stickleback fish Pungitius (TAKAHASHI et al. 2005) , caviomorph rodent Thrichomys (BORODIN et al. 2006) , house musk shrew Suncus (BORODIN et al. 1998) , wallaby Petrogale (CLOSE et al. 1996) and genus Mus (FOREJT and IVÁNYI 1974; MATSUDA et al. 1992; YOSHIKI et al. 1993; HALE et al. 1993; KAKU et al. 1995; GREGOROVÁ and FOREJT 2000; ELLIOTT et al. 2001; ELLIOTT et al. 2004; GOOD et al. 2008) . Although reproductive isolation by spermatogenic impairment is a well-known phenomenon, its underlying genetic mechanism and molecular basis have remained elusive. Dobzhansky-Muller model, which infers that hybrid sterility or inviability is caused by deleterious epistatic interactions between nuclear genes derived from their respective parent species or subspecies (DOBZHANSKY 1936; MULLER 1942) , is widely accepted in animals and plants, and is also applicable to the sterility of hybrid animals in F 2 or backcross generations, so-called hybrid breakdown, in which the genes causing postzygotic reproductive isolation are partially recessive (ORR 2005) .
The genetic incompatibility between house mouse subspecies is an ideal animal model for studying the early stage of speciation. Two subspecies of mouse, Mus musculus domesticus and M. m. musculus, diverged from their common ancestor 0.3-1.0 million years ago (YONEKAWA et al. 1980; MORIWAKI 1994; BONHOMME and GUÉNET 1996; BOURSOT et al. 1996; DIN et al. 1996) . M. m. domesticus ranges across western Europe and the Middle East, whereas M. m. musculus ranges throughout eastern Europe and northern Asia (BONHOMME and GUÉNET 1996) . The two subspecies meet in a narrow hybrid zone, which is most likely maintained by a balance between dispersal and selection against hybrids (HUNT and SELANDER 1973; BONHOMME and GUÉNET 1996; PAYSEUR et al. 2004) . M. m. domesticus also displays reproductive isolation from the Japanese wild mouse, M. m. molossinus, which originated from hybridization of M. m. castaneus and M. m. musculus, and its nuclear genome is predominantly derived from M. m. musculus (YONEKAWA et al. 1980; YONEKAWA et al. 1988; MORIWAKI 1994; SAKAI et al. 2005) . To investigate the reproductive isolation between M. m. domesticus and M. m. molossinus, we previously constructed a consomic strain B6-ChrX MSM (OKA et al. 2004) . This strain has the X chromosome from the MSM/Ms strain, which is derived from M. m. molossinus, in the genetic background of the laboratory strain C57BL/6J (B6), which is predominantly derived from M. m. domesticus (MORIWAKI 1994) . F 1 hybrid animals between B6 and MSM/Ms strains are fully fertile. On the contrary, B6-ChrX MSM shows male-specific sterility characterized by a reduced sperm number and dysfunction of the sperm, including abnormal morphology and low motility, indicating that B6-ChrX MSM is a model of hybrid breakdown in animals (OKA et al. 2004; OKA et al. 2007) . Our previous study indicated that the abnormal morphology of the sperm head results from the genetic incompatibility between MSM/Ms-derived Xlinked genes and B6 genes on autosomes including chromosomes 1 and 11 (OKA et al. 2007 ).
In this study, to understand the genetic mechanism of reproductive isolation in mice, we first undertook in-depth characterization of phenotype for each B6-ChrX MSM male especially during meiosis. Meiosis is a special cell division that produces four haploid cells after one round of chromosome replication and two rounds of chromosome segregation. During meiosis, homologous chromosomes pair, synapse, undergo crossing-over, and achieve bipolar attachment to the spindle to segregate one set of chromosomes to each daughter cell. Homologous recombination is initiated during the leptotene stage of meiotic prophase I with the formation of DNA double-strand breaks (DSBs), which are repaired immediately during the zygotene stage or after crossingover of homologous chromosomes during the pachytene stage (ROEDER 1997; TARSOUNAS and MOENS 2001) .
During the first wave of spermatogenesis, most mitotic spermatogonia in the males exhibited apoptosis at metaphase I and at the zygotene-to-pachytene stage of prophase I. As a whole, the postzygotic reproductive isolation in mice is caused by disruptions at a minimum of three different spermatogenic stages.
MATERIALS AND METHODS
Mouse strains: Construction of the consomic strain B6-ChrX MSM was described in our previous report (OKA et al. 2004 ). The strain is maintained in the animal facility of the National Institute of Genetics (NIG). Roche) following the manufacturer's protocol. To examine the progression of the firstwave spermatogenesis, 50 tubules were randomly chosen from a section of each male, and were classified based on the cell types in the innermost layer of epithelium. Germ cells in the epithelium were classified according to the book by RUSSELL et al (RUSSELL et al. 1990 ). Three individuals from each strain were used for the evaluation. 
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, and mouse monoclonal anti-XLR (1:300), which was generously provided by Dr.
Garchon (ESCALIER and GARCHON 2000) . For the immunocytochemistry of γH2AX, we used anti-SYCP3 antibody labeled by Zenon rabbit IgG labeling kits (Molecular Probes).
RESULTS
Failure to initiate meiotic S phase in B6-ChrX MSM testes: We previously reported variation in the degree of testicular defects across seminiferous tubules within individual adult B6-ChrX MSM males, ranging from relatively normal spermatogenesis to loss of all germ cells except spermatogonia (OKA et al. 2004) . To learn when the disruption of spermatogenesis starts, we examined testicular histology of B6-ChrX MSM males at various stages in the first wave of spermatogenesis, which progresses synchronously in mice. After the several rounds of mitosis, type B spermatogonia enter the meiotic preleptotene stage, during which meiotic DNA replication occurs, at around 10 days post partum (dpp) (ELLIS et al. 2004) . Then, meiotic spermatocytes enter the prolonged prophase, which takes 10-12 days (ELLIS et al. 2004) . The first meiotic prophase is divided into five stages: leptotene, zygotene, pachytene, diplotene and diakinesis stages. Pachytene stage is the longest one, continuing for 5 to 7 days, and the first pachytene spermatocytes are observed at around 14 dpp (ELLIS et al. 2004; COHEN et al. 2006) .
Histological examination of B6-ChrX MSM testes by light microscopy revealed no detectable difference from those of control littermates at 8 dpp (data not shown).
Perceptible changes in the constitution of germ cells within the tubules in B6-ChrX MSM testes became visible at 10 dpp ( Figure 1A ). At 14 dpp, a clear difference in histology was noted between B6-ChrX MSM and control testes: meiotic spermatocytes in the seminiferous tubules were abundant in control animals, but rarely seen in the B6-ChrX MSM animals ( Figure 1A ). At 19 dpp, many tubules in the B6-ChrX MSM testes still contained no cells engaged in meiosis ( Figure 1A ). The disruption of spermatogenesis became more severe in the B6-ChrX MSM testes at 32 dpp. Some tubules contained surviving spermatocytes and round spermatids, but none of the mature sperm cells that were observed in most tubules of the control testes ( Figure 1A ). These results show that spermatogenesis of B6-ChrX MSM mice is affected in the meiotic phase. We quantified the progression of spermatogenic development by counting tubules containing germ cells of the various developmental stages in the innermost layer of seminiferous epithelium. As summarized in Figure 1B , delayed timing of emergence of developing germ cells was detected in the B6-ChrX MSM testes at all ages tested.
To examine whether mitotic spermatogonia are affected in B6-ChrX MSM , we performed immunohistochemical analysis of the testicular sections with antibodies against PLZF and CBX1/HP1β, which are localized to nuclei of undifferentiated type A and type B spermatogonia, respectively (HOYER-FENDER et al. 2000; BUAAS et al. 2004; COSTOYA et al. 2004) . The antibodies used for immunostaining in this study are listed in Table 1 . Control and B6-ChrX MSM testes showed no obvious differences in the number of undifferentiated type A and type B spermatogonia at 14 dpp ( Figure S2 ).
We further investigated proliferation of spermatogonia and spermatocytes in the testes at 19 dpp by analyzing the incorporation of BrdU. We distinguished proliferative spermatogonia from spermatocytes based on size and number of BrdUpositive nuclei in the seminiferous tubules: tubules containing preleptotene spermatocytes were recognized as those with a larger number of small positive nuclei.
In the control testes, BrdU incorporation was detected in both spermatogonia and preleptotene spermatocytes ( Figure 2A ). In contrast, in the B6-ChrX MSM testes, BrdU signals were detected mainly in spermatogonia, and rarely in the preleptotene spermatocytes ( Figure 2B ). Figure 2C ). By contrast, in the B6-ChrX MSM testes, a small proportion of tubules showed γH2AX-positive spermatocytes at the leptotene-to-zygotene stage but very few tubules showed spermatocytes at the pachytene stage ( Figure 2D Figure S3A ). Because pachynema is prolonged stage, we divided it into two substages (early and mid-to-late) based on the testis-specific H1 variant H1t, which replaces somatic H1 on chromatin at midpachytene and thus serves as a marker of mid-to-late pachytene spermatocytes (MOENS 1995; COBB et al. 1999) . In most of early pachytene spermatocytes in B6-ChrX MSM males, SYCP3 signals were observed as thick fibers as observed in control males, but B6-ChrX MSM spermatocytes also frequently exhibited aggregation of SYCP3 ( Figure 3A ). This SYCP3 aggregation was also found in mid-to-late pachytene B6-ChrX MSM spermatocytes, though less frequently ( Figure 3C ). We then immunostained the pachytene spermatocytes with antibody against the kinase ATR, which during pachytene stage localizes on the sex chromosomes, but it also persists on unrepaired DSBs specifically on asynaptic autosomes (KEEGAN et al. 1996; MOENS et al. 1999) . Control pachytene spermatocytes showed ATR only on the sex chromosomes, whereas some proportion of B6-ChrX MSM pachytene spermatocytes showed ATR on the asynaptic autosomes ( Figure 3B ). Such spermatocytes with asynapsis included both spermatocytes with and without signals on the sex chromosomes. Frequencies of spermatocytes with SYCP3 aggregation and asynapsis were significantly higher in B6-ChrX MSM than in the control, though the variance between individuals was relatively large ( Figure 3C ). Those aberrant chromosomes were prominent during early pachytene substage. We then estimated the proportion of spermatocytes in the two pachytene substages. Compared with the control B6-ChrX B6 , B6-ChrX MSM had a significantly reduced proportion of the mid-to-late pachytene spermatocytes ( Figure 3D ). This suggests that cell-cycle arrest occurred during the early pachytene substage in the B6-ChrX MSM males.
To examine whether DSBs and recombination nodules are properly formed in B6-ChrX MSM males, we immunostained the early spermatocytes with antibodies against γH2AX and RAD51 as markers of DSBs and early recombination nodules, respectively.
We found no obvious differences in the patterns of γH2AX and RAD51 signals between control and the B6-ChrX MSM testes in leptotene, zygotene and pachytene spermatocytes ( Figure S3A and S3B). We next immunostained the pachytene spermatocytes with antibody against MLH1, a protein that functions in meiotic crossing-over and DNA mismatch repair in the late recombination nodules from the mid-pachytene substage (ASHLEY et al. 2004) . Again, we found no significant difference in the pattern of MLH1
foci between control males and B6-ChrX MSM ( Figure S3A and S3B).
During pachytene stage, a specialized meiotic chromatin domain named the XY (sex) body is formed, in which X and Y chromosomes are transcriptionally silenced.
To evaluate the proper development of pachytene spermatocytes, we examined the XY body formation with antibodies against three marker proteins, ATR, γH2AX and XLR, which during pachytene stage all accumulate exclusively in the XY body (CALENDA et al. 1994; ESCALIER and GARCHON 2000; REYNARD et al. 2007 ). Most of the spermatocytes of the B6-ChrX MSM males properly formed an XY body, although the marker proteins were also frequently detected in autosomal regions ( Figure S4A and S4B).
Next, we examined whether the spermatogonia arrested prior to the meiotic entry and spermatocytes arrested at pachytene stage are subject to apoptosis by using the TUNEL assay on testicular sections at 15 and 19 dpp. At 15 dpp, occasional TUNEL-positive cells were present in some tubules of both control and B6-ChrX MSM testes ( Figure 4A ). This suggests that most of the arrested B6-ChrX MSM spermatogonia at the premeiotic stage did not induce apoptosis. At 19 dpp, numerous apoptotic cells were detected in the tubules in the B6-ChrX MSM testes, but not in control testes ( Figure   4A ). Apoptosis was rarely observed in severely defective tubules lacking meiotic spermatocytes ( Figure S5A showed phenotypes similar to those of B6-ChrX MSM males: sterility with reduced testis weight and abnormal morphology of mature sperm (Table S1 , S2, Figure S6 ). Figure 5B ).
The second case of reproductive isolation is F 1 hybrid males from an intersubspecific cross of B6 and the NJL/Ms strain derived from east European wild mice (M. m. musculus). These hybrids show male sterility with massive loss of germ cells during meiosis (KAKU et al. 1995) . Their testicular histology revealed extensive apoptosis in spermatocytes at the zygotene and pachytene stages ( Figure 6A ).
Immunohistochemical analysis showed that the (B6 x NJL/Ms) F 1 hybrid males had a significantly decreased proportion of SYCP3-positive early spermatocytes ( Figure 6B ).
We observed a smaller proportion of pachytene spermatocytes relative to zygotene spermatocytes in the (B6 x NJL/Ms) F 1 testes compared to control testes (data not shown). Since these testes contained only a small number of H1t-positive mid-to-late pachytene spermatocytes, we examined the marker proteins only at the early pachytene substage. Immunostaining with anti-ATR and anti-γH2AX antibodies showed that these markers of XY bodies rarely accumulated in the F 1 hybrid spermatocytes ( Figure 6C ).
Furthermore, their pachytene spermatocytes showed a significantly elevated frequency of persistent RAD51 foci and a lack of MLH1 foci on asynaptic axes ( Figure 6C ). These results suggest that DSBs were not repaired and homologous crossing-over was not completed in nearly all zygotene-to-pachytene spermatocytes in (B6 x NJL/Ms) F 1 hybrid males.
The last case of reproductive isolation is F 1 hybrid males from the interspecific cross of B6 and M. spretus. It was reported that (B6 x M. spretus) F 1 hybrid males are sterile, showing spermatogenic breakdown at the first meiotic metaphase and only a small number of sperm, which are dysfunctional (MATSUDA et al. 1991; MATSUDA et al. 1992) . Histological analysis of the F 1 hybrid testes revealed a significant increase of apoptosis in spermatocytes, mainly at epithelial stage XII, equivalent to metaphase I ( Figure 6A ). We further carried out immunohistochemical analysis of (B6 x M. spretus) F 1 hybrid males with antibodies directed against several meiotic marker proteins. The proportion of SYCP3-positive early spermatocytes in (B6 x M. spretus) F 1 hybrid males was not significantly different from that of control B6-ChrX B6 males ( Figure 6B ). Immunostaining with ATR and γ H2AX antibodies on cell spreads from the F 1 hybrid testes showed a slight but significant decrease in the frequency of XY body formation, especially at the early pachytene substage ( Figure 6C ).
Furthermore, the axes of (B6 x M. spretus) F 1 hybrid pachytene spermatocytes displayed persistent RAD51 foci and lack of MLH1 foci ( Figure 6C ). This indicates that DSBs were not repaired and homologous crossing-over was not completed in the small population of spermatocytes in the F 1 hybrid, though the spermatocytes were mainly impaired at metaphase I. Figure 7 summarizes the spermatogenic stages at which four different cases of reproductive isolation undergo cell-cycle arrest and apoptosis.
DISCUSSION
For B6-ChrX MSM , we showed that the number of type B spermatogonia is unchanged, but most of them fail to initiate meiotic DNA replication, suggesting that cell-cycle arrest occurs at the stage prior to the meiotic entry. Premeiotic cell-cycle arrest in spermatogonia has seldom been reported. One report showed that the knockout mutant of Cdk inhibitor p27, which negatively regulates the G1/S transition, has a small proportion of spermatogonia that fail to undergo meiotic entry (BEUMER et al. 1999 ).
Thus, B6-ChrX MSM is the first example in which spermatogonia are predominantly subject to cell-cycle arrest at the premeiotic stage. In this study, during the first wave of spermatogenesis, the number of meiotic spermatocytes in B6-ChrX MSM males was reduced to less than one-sevenths of those in control males at 18 and 19 dpp. However, we previously observed that the number of mature sperms in adult B6-ChrX MSM males was approximately one-thirds of control males (OKA et al. 2004) . Thus, the premeiotic cell-cycle arrest in adult B6-ChrX MSM males may be recovered partially. (ROEDER and BAILIS 2000) . This response to the meiotic defects, the pachytene checkpoint, is known to function in many animals including mice. In various mouse meiotic mutants, cell-cycle arrest and apoptosis at zygotene-to-pachytene are associated with unrepaired DSBs, asynapsis and possibly lack of the XY body, suggesting that the pachytene checkpoint monitors these defects (PITTMAN et al. 1998; DE VRIES et al. 1999; YUAN et al. 2000; TURNER et al. 2004; DE VRIES et al. 2005) . During both mitotic and meiotic metaphase, the faithful separation of chromosomes requires accurate connections between chromosomes and microtubules, with kinetochores playing the most significant roles. Some of the spindle checkpoint proteins, which monitor the attachment of microtubules to kinetochores in mitosis, are known to function in meiosis (YIN et al. 2008 ). Moreover, cell-cycle arrest and apoptosis at metaphase of meiosis I have been observed in mutant mice having meiotic impairments such as lack of chiasmata and dissociation of homologous autosomes and XY chromosomes (BAKER et al. 1996; LIPKIN et al. 2002; MARK et al. 2008) . Previous studies revealed that genetic divergence between the parental species in the pseudoautosomal region of the XY chromosomes causes dissociation of these chromosomes in (B6 x M. spretus) F 1 spermatocytes (MATSUDA et al. 1991; MATSUDA et al. 1992; HALE et al. 1993 ). This dissociation is caused by asynapsis between sex chromosomes during pachytene (although X and Y chromosomes are still close to each other), and continues through metaphase I (MATSUDA et al. 1991; MATSUDA et al. 1992; HALE et al. 1993) . In this study, we observed that (B6 x M. spretus) F 1 pachytene spermatocytes successfully form XY bodies that appear to contain normal amounts of ATR and γH2AX. This suggests that the dissociated XY chromosomes can be packaged into XY bodies, and are protected from pachytene checkpoint monitoring. Thus, we infer that the XY chromosome dissociation finally triggers the spindle checkpoint, and the spermatocytes are eventually eliminated by apoptosis.
This study showed that male sterility in hybrid mice from various crosses is caused by disruptions at a minimum of three stages during meiosis. In addition to meiotic disruptions, consomic strains such as B6-ChrX MSM and PGN-ChrX MSM show impairments during spermiogenesis, terminal differentiation stage during spermatogenesis, resulting in the malformation of sperm heads. These results indicate that genes responsible for reproductive isolation do not function in a particular specific process, rather in different multiple processes. In many cases of mouse reproductive isolation, meiotic defects are predominantly observed (MATSUDA et al. 1991; KAKU et al. 1995; FOREJT 1996) . This is possibly due to the high intricacy of meiosis, which includes many cellular events such as the induction of DSBs, homologous recombination, repair of DSBs and segregation of homologous chromosomes.
Notably, the genetic distance between the two parental strains was not explicitly correlated with the stages at which cell-cycle arrest and apoptosis occur. For instance, intersubspecific incompatibility in B6-ChrX MSM causes arrest both at the premeiotic stage and the pachytene stage, but similar intersubspecific incompatibility in PGN-ChrX MSM causes extensive apoptosis at metaphase I. In the case of another consomic stain B6-X PWD , which has an X chromosome of wild M. m. musculus-derived PWD strain in the genetic background of B6 strain, it was reported that meiotic disruption occurs mainly at the pachytene stage (STORCHOVÁ 2004) . Interspecific incompatibility in the (B6 x M. spretus) F 1 hybrid causes partial arrest and apoptosis at the pachytene stage, but extensive apoptosis was observed at metaphase I as well. In a substantially long period of time for speciation, it is conceivable that mutations responsible for the reproductive isolation have continuously accumulated in the diverging populations, which may stochastically increase the chance that mutations responsible for reproductive defects at early meiotic stages, i.e. the premeiotic stage, occurs. Thus, the absence of obvious correlation between the genetic distance and the stages of the meiotic defects, which was observed in this study, may imply that these house mice are in early stage of speciation. stained spermatocytes at meiotic prophase I. All nuclei were stained by Hoechst (blue).
Only a few cells were SYCP3-positive in B6-ChrX MSM testis. Frequency of spermatocytes at prophase I in control and B6-ChrX MSM testes at 18-19 dpp (right graph).
We counted 1731 and 1473 cells from four control and B6-ChrX MSM males, respectively.
The difference in frequency was significant by t-test. 
